sedimentary/metasedimentary (low-grade metamorphic) units that were deposited at the northern margin of northeastern Gondwana, describing a preopening period of the Neotethys Ocean (Özgül, 1983; Wehrmann et al., 2010) . The Hüdai Formation (Early Cambrian) and its equivalent sedimentary rocks of predominantly cross-bedded quartzarenites (the Feke Formation) represent the basal part of the Palaeozoic units in the Tauride Belt and are interpreted as beach deposits (Dean and Özgül, 1994; Göncüoğlu, 1995; Kozlu and Göncüoğlu, 1995; Göncüoğlu and Kozlu, 2000) . Details of the sedimentary and stratigraphic characteristics of the Hüdai Formation in the Aydıncık area have been provided by Eren and Öner (2000) . In the study area, sedimentary rocks of the Hüdai Formation are typically exposed in a cliff near the shoreline and also at Çıra Tepe (hill), where the Hüdai Formation conformably overlies the Sipahili Formation (Infra-Cambrian) at the coastal area and is conformably overlain by the Çaltepe Formation (Lower to Middle Cambrian) (Figure 2 ; Koç, 1996; Koç et al., 1997; Eren and Öner, 2000) . The thickness of the formation is approximately 830 m (Figure 3 ). In the vertical sequence, the formation represents 3 different parts. The basal part of the formation consists of a rhythmic alternation of a cream-beige, horizontally laminated sandstone (predominantly quartz-arenite), a ripple crosslaminated sandstone (predominantly arkosic wacke), and a green mixed sandstone-shale with shales ( Figures  3 and 4a) . The middle part is dominated by metashales. The upper part is mainly made up of alternating massive, cream-beige, horizontally laminated sandstones (quartzarenites) and dark green mixed sandstone-shale, with rare shales of several metres in thickness. In the basal part of the formation, the ripple cross-laminated sandstones often show red colouration. On the bedding surface of (Eren et al., 2007) , NAFZ = North Anatolian Fault Zone, EAFZ = East Anatolian Fault Zone. Study area marked with a square. b) Detailed location map of the study area. Koç, 1996; Koç et al., 1997 the red beds, various ripple types are present, including symmetrical, asymmetrical, and interference patterns ( Figure 4 ). The sedimentary characteristics of the red beds suggest deposition in tidal flat environments (Klein, 1970; Boggs, 1987; Tucker, 1991; Eren and Öner, 2000) . Petrographic examination and X-ray diffraction (XRD) analysis ( Figure 5 ) reveal that the grains in the sandstones of the Hüdai Formation are predominantly monocrystalline quartz and K-feldspar (orthoclase) with negligible or trace amounts of microcline, plagioclase (oligoclase), mica, pyroxene, zircon, tourmaline, and apatite (Eren and Öner, 2000) . Rock fragments are absent in these sediments. These mineralogical components suggest that the source rock for these sediments was a granite or a granite gneiss (Robb, 1949) , indicating continental provenances based on the geotectonic classification of Dickinson and Suczek (1979) .
Materials and methods
During the field work, 10 representative samples of red sandstone beds were collected along a stratigraphic section (lower part; Figures 2, 3, and 4a ), which was discussed in a previous paper (Eren and Öner, 2000) . The stratigraphic section was measured from the present-day coastline to Çıra Tepe (hill). Thin sections were prepared from the samples and examined via polarised-light microscopy (Leitz Laborlux 11 Pol). Mineralogical and chemical compositions of the selected samples were characterised by XRD (Rigaku-Geigerflex) and X-ray fluorescence (XRF) (Rigaku X-ray spectrometer RIX 3000) analyses at the General Directorate of Mineral Research and Exploration (MTA), Ankara, Turkey. Loss on ignition (LOI) for each sample was also determined by drying the samples at 105 °C overnight, followed by determination of their water (and other volatiles) contents at 1050 °C. Semiquantitative estimations of mineral abundance in the whole rock were obtained by using intensities of the basal reflections of each mineral in the XRD patterns. Scanning electron microscopy and energy-dispersive analyses (SEM-EDX) (JEOL JSM 84A-EDX) were performed at Middle East Technical University, Ankara, Turkey. Representative red sandstone samples were prepared for SEM-EDX analysis by adhering the fresh, broken surface of each rock sample onto an aluminium sample holder using double-sided tape, and then coated with a thin film (~350 Å) of gold using a Giko ion coater. 
Results
XRD analysis of the red sandstones revealed a predominance of K-feldspar, quartz, and illite (Table 1 ; Figure 5 ). Petrographic investigation reveals that in the red sandstones, K-feldspar and quartz are the dominant detrital constituents, and illite is present as a matrix between grains, indicating a predominantly arkosic wacke ( Figure 6a ) and a rarely arkosic sandstone (Table  1 ; Pettijohn et al., 1987) . The red sandstones contain SiO 2 and Al 2 O 3 values ranging from 68 to 86 wt.% and from 5 to 14 wt.%, respectively. Relatively high SiO 2 and K 2 O values are linked to the presence of quartz and K-feldspar grains and the illite matrix. In thin section, trace amounts of detrital hornblende, muscovite, tourmaline, biotite, opaque minerals, and large hexagonally shaped authigenic hematite crystals ( Figure  6b ) are also present. In all the samples, hematite was determined to be an accessory mineral. Hematite content ranges from 2% to 6%. The large hematite crystals are interpreted to be of late diagenetic origin because of their cross-cutting relationship with the other minerals ( Figure  6c ). Whole-rock SEM analyses confirm the presence of feldspar and quartz grains and an illite matrix (Figures  6d-6g) .
XRF analyses were carried out on all the samples to determine the chemical composition of the red beds, and the results are given in Table 2 . In the samples, Fe 2 O 3 values ranged from 1.7 to 5.0 wt.%, whereas FeO values ranged from 0.45 to 0.90 wt.%.
Hematite pigment appears as spherical (cf. Casanova et al., 1999) and rod-shaped (or bacillus-shaped, cf. Benzerara et al., 2008; Miot et al., 2009 ) particles in sizes of ~1 µm or less disseminated on the detrital grains and illite flakes in the matrix. The EDX analyses of hematite pigment exhibit strong peaks of Fe but poor Si, Al, and K, indicating the presence of accessory illite accompanying the hematite (Figure 6h ).
Discussion
The red beds in the Hüdai Formation were deposited in the middle and lower part of an intertidal flat environment (Larsonneur, 1975; Eren and Öner, 2000) because of various associated ripples (Figure 4 ). Similar red beds in a shallow marine environment have been reported by Turner (1979) . In the Hüdai Formation, the reddening is restricted by bedding surfaces and repeats in the sequence, representing syn-sedimentary or early diagenetic colouration. The reddening is caused by finely dispersed hematite (Fe 2 O 3 ; Van Houten, 1973; Turner, 1980; Al-Rawi, 1983; Einsele, 1992; Friedman et al., 1992; Eren and Kadir, 1999) . The XRF and XRD analyses showed that very small quantities of hematite pigment caused reddening in the sediments (Tables 1 and 2 ; Figures 6d-6g; see also Walker, 1967; Tucker, 1991 ). The dissolution rates of these minerals decrease with rising pH and low temperatures, are lowest at near-neutral pH, and rise again when pH is in the alkaline range (Burns, 1993) . The acidic pH (about 3-3.5) may have resulted in the precipitation of iron (oxyhydr) oxides such as goethite, lepidocrosite, and hematite (Schwertmann, 1993; Kampf et al., 2000) . Ferrous iron (Fe 2+ ) is oxidised to ferric form (Fe 3+ ) at neutral or alkaline pH conditions (Stumm and Morgan, 1996; Mamet et al., 1997) . Chemical weathering of primary minerals in the red beds is characterised by an iron (oxyhydr)oxide halo around biotite (Walker, 1967) in the thin sections ( Figure  6c ), which indicates intrastratal alteration (Walker et al., 1981; Al-Rawi, 1983) . Hematite crystallisation requires very high temperatures or environments wherein the water activity is considerably reduced. In the Hüdai Formation, the dissolution and subsequent hematite authigenesis took place principally within the marine phreatic and/or vadose zones where normal marine water is well oxygenated. In the red beds, alteration partially removes hematite pigment, especially along bedding surfaces where the red colour is converted to green. The green colour indicates the original colour of the sediments before reddening, which reflects reducing conditions or presence of ferrous iron in chlorite and illite and the absence of hematite, iron sulphides, and organic matter (McBride, 1974; Myrow, 1990) . Reducing conditions in well-oxygenated water may be provided by micropores in matrix-supported sandstones that impede circulation of oxygen and favour colonisation by iron bacteria (Boulvain et al., 2001 ). Cyclic reddening is related to oxygen fluctuations in the depositional environment, probably resulting from a sea-level change. Reducing conditions are generated below the sediment-water interface where ferrous iron (Fe 2+ ) is dissolved at low temperatures. Lowering of the sea level then causes the sediments to be in more oxidised conditions, under which hematite forms at probably high temperatures.
The spherical and rod-shaped (or bacillus-shaped) morphologies of hematite particles are interpreted as fossil bacteria (Figures 6d-6h) , suggesting a bacterially induced precipitation, probably from seawater. Bacteria have long been recognised for their ability to oxidise iron inside and outside of their cell structures, but the mechanism for the microbial iron oxidation is not yet fully understood. Iron is present as Fe 2+ in primary minerals (mainly silicates) and is released during weathering in an acidic environment at low pH. Microorganisms effectively influence the kinetics of mineral alterations and formation reactions (Ehrlich, 1998; Rogers and Bennett, 2004) . They interact strongly with mineral surfaces and enhance weathering through the supply of acid and strong complexing ligands (Churchman, 2000) .
Some microorganisms such as bacteria are able to actively oxidise Fe 2+ in aqueous solutions. These are called iron bacteria (Schwertmann and Taylor, 1989) . Iron oxidation is mainly controlled by pH and oxygen (Crichton, 1991) . Fortin and Langley (2005) summarised the possible processes involved in the bacterially induced iron oxidation. Biogenic iron oxide forms either as a result of direct metabolic activity or passive sorption and nucleation reaction. The metabolic activity of acidophilic (e.g., Thiobacillus ferrooxidans) and neutrophilic (e.g., Gallionella ferruginea and Leptothrix discophora) iron- (Fortin and Langley, 2005; Miot et al., 2009) . Passive iron sorption and nucleation onto bacterial cell walls represents another mechanism leading to iron oxide formation. The surface reactivity of bacteria under environmental pH conditions gives a net negative charge to the cell wall, which leads to the binding of soluble iron and eventually to the precipitation of iron oxides under saturation conditions. Extracellular polymers produced by bacteria can act as a template for iron sorption and iron oxide nucleation. Another pathway in metabolic oxidation is intracellular iron oxide formation, which can be achieved by a large variety of heterotrophic microorganisms. In the intracellular iron oxide formation, enzymes are biological catalysts that lower the activation energy so that chemical reactions can occur within a living cell (Atlas, 1995) . Konhauser (1998) suggested that the vast majority of bacterial biomineralisation occurs in a 2-step process: the metals are initially electrostatically bound to the anionic surfaces of the cell wall and the surrounding organic polymers, where they subsequently serve as nucleation sites for crystal growth. In the first stage, free Fe 2+ would bind to negatively charged polymers and then be oxidised in a polymer matrix, possibly by iron-oxidising enzymes or iron-oxidising factors excreted by the bacteria (Ghiorse, 1984) . The later-stage mineralisation is inorganically driven and characterised by surface irregularities on the bacteria-shaped particles.
Sedimentary characteristics of the red beds in the Hüdai Formation suggest deposition in a tidal flat environment where wave actions and tidal bottom currents were effective. The dynamic processes of the tidal flat environment suggest well-oxygenated water and probably circumneutral pH values. However, the matrixrich sandstones indicate relative low-energy conditions. The SEM images show that bacteria grew on the grain surfaces and clay particles in the matrix micropores (Figures 6d-6g ), whose characteristics were probably different than those of the macroenvironment. The previous green colour of the red beds, as mentioned above, suggests that free oxygen concentration was very low in the micropores and dysaerobic conditions prevailed. Under low-oxygen conditions, inorganic iron oxidation rates are very slow (Santelli et al., 2001) . Furthermore, Jørgensen (1982) suggested that the oxygen concentration drops to zero within a few millimetres below the surface of the marine coastal sediments. In anoxic environments, microorganisms can use Fe 3+ oxyhydroxide phases as electron acceptors for respiration of organic compounds (Ehrlich, 1996) , thereby probably increasing the local acidity of the water, catalysing the weathering of iron bearing minerals, and releasing Fe 2+ into solution. The iron silicate dissolution reactions provide nutrients for microorganisms and therefore these reactions could sustain a significant microbial population (Santelli et al., 2001; Rogers and Bennett, 2004) .
Overall, the SEM images suggest that bacterially induced precipitation led to the hematite pigment. However, morphology alone is not sufficient to identify spheroidal and rod-shaped bodies. These morphologies differ from the idea of photosynthetic bacteria forming as encrusting sheaths or mats on the sediment surface and consisting of filamentous species. Therefore, we conclude that the microorganisms involved in the iron oxidation were nonphotosynthetic. The bacteria could initiate or at least positively influence the iron oxide precipitation, which is the result of either direct (metabolic assimilation for the production of energy) or indirect (sorption, microenvironmental changes) factors (Casanova et al., 1999) . After the bacterially induced nucleation, inorganic iron oxide mineralisation continued around the nuclei until the system reached equilibrium (Konhauser, 1998) . This is characterised by the surface irregularities on the bacteria-shaped particles. The cyclic reddening in the sequence also indicates an effect of the macroenvironmental changes. A lowering sea level or low tide in the intertidal flat environment, indicated by the flattopped ripple marks, caused more oxygenated conditions in both the macro-and microenvironments and resulted in pervasive oxidation throughout the bed.
Conclusion
Red beds are common at the basal part of the Hüdai Formation (Early Cambrian) deposited in an intertidal flat environment. Sedimentary structures with bedding parallel reddening and its cyclic character suggest syn-sedimentary or early diagenetic colourisation resulting from a small amount of disseminated hematite pigment. Spherical and rod-shaped (or bacillus-shaped) morphologies of hematite particles suggest a bacterially induced precipitation, probably from seawater, which later serves as nucleation sites for crystal growth during the sealevel changes in the intertidal environment. However, the reddening is mainly controlled by oxygen fluctuations in the depositional environment resulting from the lowering sea level. Under these conditions, bacteria could initiate, or at least positively influence, the iron oxide precipitation.
